LTHOUGH there had been sporadic attempts for many centuries to develop sound metal implantation techniques, the concepts had been empirical and the results usually marred by the poorly understood complications consequent to severe corrosion and tissue inflammation. It was not until Venable, et al., 9~ in 1937, established electrolysis as the cause of failures that logical scientific metallurgical-surgical principles could be founded. They concluded that each commonly used metal is electrolytically active in body fluids according to its electromotive force (emf), the degree of tissue damage being roughly equivalent to the amount of electrochemical action. This maxim has endured; indeed, subsequent orthopedic and biomechanical reports have continued to record a rate of implant complications diminishing only with the progressive improvement of effective standards that minimize the electrochemical activity of metals in tissue. 43,62,93,9~ During this time, however, specific standards for implanting metals in or near the nervous system have not been established, possibly because there has been only an occasional report of complications and no recorded incident of clip or clamp rejection due to corrosion. It is tempting, therefore, to assume that the proven standards do not apply to the use of metals in neurosurgery and, in particular, that restrictions for large rigid alloyed bone prosthetics can be ignored in the use of tiny metal clips for intracranial aneurysmorrhaphy. Such an assumption would be to ignore the many unsolved metallurgical problems and the pending legislation threatening to control materials and surgical devices. 24'a2'36'54'76'~ Regardless of the disparity in recorded clinical complications, it is unlikely that the behavior of metals is basically different in the intracranial and intraspinal tissues from that in other tissues of the body.
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Received for publication September 1, 1968 . Final revision received May 26, 1969 Metal Corrosion: General Principles It is well established that corrosion varies significantly with the methods of handling, and that these variables plus the choice of metal are important because tissue response depends not only on the degree and rate of corrosion, but on the specific tissue toxicity of the corrosion products as well. Accordingly, the reaction may vary from minimal investment with a thin fibrous tissue capsule, to various degrees of inflammation progressing ultimately but infrequently to foreign body rejection. 11,1~,22,2~,~,~~ Corrosion, which means destruction of a metal by its environment, can occur as a result of specific chemical attack. In tissue, corrosion usually is an electrochemical reaction (as a voltaic cell) consisting of oxidation on an anodic metal (negative pole) and reduction on a cathodic metal (positive pole). The heterogenous surfaces of an alloy or of contaminated pure metallic elements can form similar voltaic corrosive cells, and these may be numerous on a single piece of metal. 73,~~ Corrosion depends upon the ease of metal ionization. The energy of this reversible ionization process, namely, transferring metal ions into solution and transferring reverse charges back onto the metal (Me ~ Me+ + ), can be measured as either a chemical or as an electrical potential. It is this information which makes possible the ranking of metals, according to their predictable environmental behavior, in three types of series: the Free Energy Table, the Electromotive Force Series (emf), and the Galvanic Series. 47,59,6~,sS,sG,92
Chemical Energy and the Free Energy
Table. The chemical (thermal) energy of ionization is measured by direct calorimetry; metals can be ranked accordingly in the order of thermodynamic probability of ionization. All refined metals tend to corrode spontaneously, releasing the potential energy stored by refining processes (Gibbs free energy). The degree of free-energy decline as an exothermic reaction is the criterion of spontaneity of ionization. Only the true noble metals (such as gold, platinum, palladium, and iridium) need no refining, and are entirely stable in atmospheric conditions; they ionize only endothermieally, requiring the addition of energy to start the process. By contrast, the semi-noble metals (copper, silver, and mercury) are stable in atmospheric conditions only in the absence of oxygen.4,1~,~,~,59,60,s~-s~ Electromotive Force Series. The electrical energy of ionization, in terms of ionization potentials or the electromotive force (emf), is determined by measurement with a potentiometer, or from calculations with the Nernst equation converting calories to volts. All metals except the alloys can be ranked accordingly, above or below the arbitrary reference element hydrogen (the hydrogen ion potential). The more active metal of any pair chosen from the series will be anodic to the other, the exceptions being certain metals with ionization vagaries and others possessing oxide surface films. 5~
Galvanic Series. The galvanic series ranks all metals including the alloys according to observed corrosion behavior. A metal on the low or active side will be anodic to a metal on its noble side in a galvanic cell, and the farther apart the two are in a series, the greater will be the reaction and consequent damage to the anodic metal? S,~9,s~-sr
Valuab!e chemical and electrochemical tests for predicting the compatibility of metals were devised by Clarke and Hickman. 2~ Using sterile horse serum and other biological fluids to simulate a physiological environment, they tested 87 separate metals and alloys by measuring the tendency of each to corrode in terms of potential drop minus the internal resistance; the result is designated as "anodic back emf" for known currents across an electrolytic cell formed of a calomel electrode (cathode) and a test metal electrode (anode). Inert metals manifested a high positive potential (tantalum, + 1650 mV), and unstable metals showed the greatest negative values (magnesium, --1550 mV). A correlative chemical test on 12 metals in aerated serum measured weight loss over a period of 20 days. The results of these tests indicated that metals compatible for implantation have an "anodic back emf" greater than 300+ inV. The weight losses
McFadden
were consistent with known compatibility; gold, platinum, and tantalum showed high voltage (anodic back emf) readings and no weight loss (Fig. 1 )Y~
Composition and Reactions of Stainless Steel
Types of Stainless Steel. The generic term "stainless" covers scores of compounds containing at least 50% iron and 11% chromium. None is truly stainless; they all corrode when improperly exposed. 29,~3 Corrosion resistance is due to a chromium oxide surface film which passivates the steel by preventing further ionization. Free carbon in stainless steel combines affinitively with chromium to form carbides, reducing the effective chromium available for anticorrosion activity. Maximum inertness is acquired by changing the crystalline structure of the iron content from magnetic alpha-iron (which will not dissolve carbon) to non-magnetic gammairon (which dissolves carbon in amounts up to 2% of total composition). Stainless steels are classified roughly into three major groups according to the crystalline state of the iron content: ferritic, austenitic, and martensitic (Table 1 ) . 2, 6, 9, 30, 45, 47, 68, 73, 80, 81 Ferritic Stainless Steels. The ferrites have a low carbon and a high chromium content and contain alpha iron. They exhibit moderate corrosion resistance, are magnetic, and cannot be hardened sufficiently by either heat or cold working to be used in implants or surgical instruments (Table  1 ) . 6, 30, 73, 80, 96, 97 Austenitic Stainless Steels. The austenites are formed by heating the stainless steel alloy sufficiently to convert the alpha iron to gamma iron (910~ to 1400~
The addition of nickel in adequate quantities will allow the gamma structure to be retained when the mixture is cooled to normal temperatures. From a practical standpoint, this is particularly important because carbon is retained (in amounts varying with the cooling rate) within the interstitial spaces between the iron atoms of the face centered cubic space lattice crystals, thus forming a solid solution of carbon in iron. These are the most corrosion-resistant of steels, the low carbon types being the most inert and the softest. They cannot be hardened by heat treatment,
